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A new study analyses the complex changes in shape occurring during petal development in snapdragon.
Combining simulations with quantitative analysis leads to a new model, where molecular regulators control overall organ shape through mechanical conflicts operating at the level of entire tissues.
Mechanical Constraints as Driving Forces during Morphogenesis
Morphogenesis is a major and still largely unresolved topic in developmental biology. Many genes involved in growth and development have been identified in a range of species, but their precise role has often remained unclear.
Rebocho and coworkers, in a study published recently in eLife [1] , address this issue in plants, where morphogenesis relies on a relatively simple set of parameters when compared with animals. Plant cells are surrounded by a rigid extracellular, polysaccharidic matrix -the cell wallthat links them together (for reviews see e.g. [2, 3] ). In addition, shape changes occurring during development entirely depend on local growth rates and growth directions, with the exception of some cases where cell death participates as well. Since, in plants, there is no cell migration and usually no rapid cell movements or contractions, it is relatively easy to follow and analyze growth patterns with cellular resolution throughout plant development. Rebocho and co-workers have taken advantage of these characteristics to study flower development in snapdragon, where petal primordia follow a sequence of complex shape changes. Petals are leaf-like structures, which are initiated as thin, slightly curved sheets of tissue. During development, these flat surfaces bend and fold to generate the bilaterally symmetric corolla, composed of five petals with distinct shapes. How do these complex structures arise? Since the cells are locked in their relative positions due to their cell walls, leaves or petals can be considered as two epidermal surfaces glued together by intermediate cell layers.
Combined with the fact that relative cell positions are also fixed within each epidermal plane, cells that grow more slowly or more quickly than their environment will pull or push on their neighbors. Accordingly, spatial differences in growth specification by the underlying molecular networks will generate mechanical conflict within the tissue. These mechanical tensions caused by cells pulling or pushing on their neighbours is subsequently released when the tissue buckles or bends. Rebocho et al. propose three types of mechanical conflicts that can be generated in this way -surface conflict, areal conflict and directional conflict. Surface conflict arises when the two surfaces on both sides of the petal grow at different rates, areal conflict arises when different domains within the same surface are specified to grow at different rates, whereas directional conflict is caused by differences in growth direction. Note that, although this classification is useful when it comes to describing the global changes in shape during petal formation, all of these conflicts are manifestations of the mechanical stress generated by differential growth of neigbouring regions.
How are these mechanical constraints harnessed and coordinated in space by the plant to generate specific changes in shape? How do molecular networks interfere with these constraints? To propose plausible hypotheses, Rebocho et al. have used a combination of mechanical modeling and careful quantitative analysis of growth [1] . In particular, the analysis of cell division patterns, which can be read a posteriori from cell arrangements in the growing petal, provide a detailed picture of the local relative growth directions.
Comparing growth patterns in both mutants and wild-type petals, they propose distinct roles for genes involved in morphogenesis. In particular, they find that the transcription factor DIVARICATA (DIV), involved in organ asymmetry, plays a central role in determining growth directions, causing a directional conflict, and leading to the initial out-of-plane deformations of the growing petals.
Towards a Full Mechanistic View: Multiple Scales and Feedbacks
This work, together with a series of previous articles [4, 5] provides a first integrated view of morphogenesis at the level of a whole organ. At the same time, it raises a number of fundamental questions regarding the underlying mechanisms. These questions are related to the fact that morphogenesis is a process that is regulated at multiple scales, with multiple feedbacks. Rebocho et al. mainly focus on two scales, the molecular networks operating at the subcellular scale and the geometrical changes at the level of the entire tissue. If we take the tissue as a frame of reference, cells and regions seem to push and pull on each other in patterns that are specified by the genetic network. The mechanical stress that is thus generated then causes the observed out-of-plane deformations.
At the level of single cells, however, a different picture emerges. As said above, plant cells are encased in rigid cell walls, composed of cellulose microfibrils embedded in a matrix, which in rapidly growing cells is mainly composed of pectin and hemicellulose polymers [2, 3] . In addition, plant cells are under high internal turgor pressure, which puts the walls under continuous tension. To grow, the cell has to remodel its cell wall that makes it yield to this tension. The direction of growth can be modulated by the orientation of the cellulose microfibrils, which can be deposited in highly ordered arrays. The overall growth rate can also be modulated by changing the stiffness and/ or synthesis rate of the matrix molecules. At the cellular level -in particular at the surface of the epidermal sheet -the outer cell walls are continuously under tension. The result of cells pushing on each other at the tissue scale will be sensed by the individual cells as a reduction in the pulling force. In addition, growth apparently resulting from passive deformations that arise through connectivity between regions is in fact the result of active cellular processes. Indeed, how much a cell wall will yield to mechanical stress will depend on the ability to perceive tension or information on the cell wall state and the activity of proteins interfering with wall properties or turgor pressure [6, 7] (see [8] for review). Where at the level of a whole tissue a transcription factor like DIV controls growth rates or directions, at the level of the wall the action of this transcription factor must interfere through its targets with the oriented deposition of cellulose microfibrils and/or anisotropies in stiffness of the matrix. A major challenge for the future will be to open the black box that operates between gene action and geometry and to translate terms like specified growth or the creation of polarity fields in terms of local changes in wall structure, wall synthesis or turgor pressure.
Another important feature of living systems not yet fully taken into account in this study is the existence of feedback mechanisms, which can operate at multiple levels. Hormone gradients will lead to altered patterns of growth, which in turn will modify the volume in which molecules can diffuse. The existence of such feedbacks is also suggested by the findings of Rebocho et al., as DIV affects the localisation of auxin transporters (PIN proteins) [9] . Auxin is involved in transcriptional regulation and growth control [10] . Interfering with its transport and distribution will feed back on local growth rates, gene activities and ultimately on the space in which the activity of DIV itself will be distributed. Other feedbacks might involve also mechanical stress itself, which can influence, for example, the activity of mechanosensitive channels, cellular calcium concentrations and downstream molecular regulation (see [11] for review).
For obvious reasons of simplicity, the petals are presented as thin sheets of constant thickness folded in space. In reality, however, these are three-dimensional structures of several cell layers thick. To maintain a constant thickness, the plant must also somehow control the anisotropic properties of the internal cells and coordinate these properties throughout tissues centimeters wide. The full regulatory circuits that coordinate growth thoughout the three dimensions of the tissue are not known.
Methodological Challenges Ahead
The implications for future research are not only challenging from a conceptual point of view -in addition, there is an urgent need for the further development of novel methods. This need concerns both computational tools and experimentation. In the past decade quantitative approaches, in particular to measure geometry, have been developed [12] [13] [14] . However, so far, comparisons between simulation and the in vivo situation remain largely qualitative. One of the next steps will be to develop a quantitative framework to compare models with the real world. This implies the development not only of even more realistic models, but also of objective, quantitative means to calculate the difference (for instance in terms of geometry) between a simulated object and its living counterpart. Models where not only the outer wall of a tissue but also the inner cells are taken into account start to be developed (e.g. [15] ). From a more experimental point of view, physical aspects, including turgor pressure and wall stiffness, need to be quantified in vivo. A beginning has been made, but we are far from the detailed measurements of physical properties [16] [17] [18] .
In summary, with their formal description of mechanical stress shaping the plant, Rebocho et al. provide a useful basis for simpler, and maybe more universal, models for development. There might be opportunities in the future for convergence with other frameworks, where development and morphology are described in terms of well-established physico-chemical processes (e.g., see [3, 19] ).
